The aim of this work is to investigate the influence of the Geant4 parameters on the range and the depth-dose distribution (Bragg curve) of proton beams with incident energies of 90, 150 and 230 MeV injected upon a water medium, using the Geant4 simulation package. The simulated Bragg peak ranges and the depth-dose profiles have been compared with the ones obtained from the National Institute of Standards and Technology and the experiments, respectively. It has been seen that the Geant4 parameters, such as the step size and production cuts, under study have non-negligible effects on the range and the depth-dose distribution of incident proton energies of interest, especially at 150 and 230 MeV.
Introduction
In proton therapy, proton beams with energies ranging from ∼ 60 to 250 MeV are used for treatment of cancerous cells (see, for instance [1] [2] ). The major goal of this therapy is to maximize the radiation dose transferred to the tumorous cells, while minimizing the dose transferred to the healthy tissue surrounding the tumorous ones.
Photon beams used in radiotherapy have physical and biological limitations in comparison with the proton beams. When photon beams interact with a tissuelike matter, for instance water, the dose distribution increases within the first few centimetres of the medium until it reaches a maximum and then it decreases according to the exponential law. This behaviour indicates that the maximum dose is transferred to the near surface. Proton beams, on the other hand, show a much more favourable behaviour due to the reduced lateral scattering and longitudinal straggling. Furthermore, one of the fundamental behaviors of the proton beams in matter is their exhibition of a steep maximum dose with a narrow peak, known as the Bragg peak close to the end of their range [3] . The reason for the appearance of the Bragg peak is the fact that when a fast proton, like other fast charged hadron, goes through a medium, it loses energy since it ionizes the atoms of the matter, and the interaction cross-section increases as its energy decreases. This physical property of the proton beams makes them more appropriate to be used in the treatment of tumors due to the fact that the healthy tissues surrounding the tumorous region is less affected by the radiation damage.
In the present work, we have used the Geant4 (for GEoemetry And Tracking) simulation package [4] to study the effects of two Geant4 parameters, namely the step size and production cut, on the depth-dose profiles and ranges of the proton beams with initial energies of 90, 150 and 230 MeV, incident upon a water phantom. * corresponding author; e-mail: demirfizas@gmail.com
The step size and production cuts correspond to the distance to next interaction and production threshold for secondary particles (gammas, electrons and positrons) after EM interactions [5] , respectively. Results of the simulations for the depth-dose profiles and ranges have been compared with the experimental and National Institute of Standards and Technology (NIST) data, respectively.
Simulations
Monte Carlo simulations for interactions of the protons with the water phantom have been performed using Geant4, release 10.0. The phantom has been considered to be a cubic box with dimensions 40 × 40 × 40 cm 3 . The target representing the water phantom and the event schemes for several protons are illustrated in Fig. 1 . The ionization potential of water has been set to 75 eV, in accordance with the ICRU reports [6] . Simulations have been rerun for different Geant4 parameters of range (production) and step cuts, which correspond to the production threshold for secondary particles and to the distance to the next interaction, respectively. For the range cuts (step sizes) four (three) values, which are 1, 0.1, 0.01 and 0.001 mm (1, 0.1 and 0.01 mm), have been used. Monoenergetic 500 000 protons with initial energies of 90, 150 and 230 MeV have been injected upon the phantom for each run of the simulations. The number of incident particles have been chosen such that they are both sufficiently large to reduce the fluctuations and, meanwhile, since the computational time increases with number of simulated particles, adequately small to keep the computational time low.
Geant4 provides a comprehensive set of physics processes to model the interaction of particles with matter. For electromagnetic interactions the standard package, which includes multiple scattering of protons interacting with the atomic nuclei, in addition to the straggling of protons with the atomic electrons, has been used. For hadronic interactions the elastic and binary_ion models have been utilized for elastic and inelastic scattering, respectively [7] . 
Results and discussion
Influence of the step cuts of interest on the proton range in water as a function of the range cut is shown in Fig. 2a, b and c for proton energies of 90, 150 and 230 MeV, respectively. It can be concluded from Fig. 2a that, both the range and step cuts have no significant effect on the simulation results for the range of protons with low energies, namely at 90 MeV. For higher proton energies, the influence becomes more remarkable (see Fig. 2b and c, for 150 and 230 MeV, respectively). In the case of relatively higher energies, simulation results for the range converge towards the NIST range [8] as the range cut (and/or the step cut) decreases. It should be noted that, the increased accuracy at very low cuts costs a significant increase in the simulation time. In the present study it has been observed that setting both the range and step cut values as 0.01 mm seems to be ideal from the point of view of not only agreement with the NIST values but also a reasonable computational time.
Having determined the ideal cut value, the depth-dose profile of 90, 150 and 230 MeV protons have also been simulated using the 0.01 cut, both for the range and step cuts. Result of the simulated depth-dose profiles for the incident proton energies of interest are illustrated in Fig. 3 , together with the experimental values [9] . It can be seen from the figure that the cut value of 0.01 mm is sufficient for obtaining a reasonable agreement between the simulated and experimental depth-dose curves of the protons. The number of bins used in the simulated distributions can be considered as the main reason for the discrepancy between the simulated and experimental data.
Conclusions
Effects of two user defined Geant4 parameters, the step size and the range cut, on the range and depth-dose distribution of protons with energies of 90, 150 and 230 MeV have been studied in water medium using the Geant4 simulation package. For this purpose, first of all, the simulations have been performed to obtain the proton ranges for the range (step) cuts of 1, 0.1, 0.01 and 0.001 mm (1, 0.1 and 0.01 mm), for each proton energy of interest, separately. It has been seen that agreement between the simulated and NIST ranges becomes more satisfactory as the range cut decreases for all the step cuts of interest with the realization that the finer step cuts also yield better agreement with the NIST ranges for a specific range cut. In addition, reducing the cut values results in a significant increase in simulation time. Therefore, the range and step cut of 0.01 mm has been concluded to be an optimal value both for obtaining an agreement with the NIST data and for a decreased simulation time. Furthermore, the simulated depth-dose profiles of 90, 150 and 230 MeV protons using the above mentioned value as both the range and step cut have been seen to be in reasonable agreement with the experimental data.
